Finally, a consistent road categorisation for vibration assessment based on the PSD of the pavement irregularity evaluated at the dominant frequencies is proposed.
D

INTRODUCTION
The serviceability assessment of traffic-induced vibrations should be performed to guarantee certain comfort levels in road bridges, particularly those which are prone to vibrations induced by heavy vehicles (Camara and Ruiz-Teran 2015; Camara et al. 2014) . The analysis of these vibrations is essential for bridges with footpaths because pedestrians have more restrictive comfort levels than drivers and passengers.
The importance of the road pavement profiles on the traffic-induced vibrations has been well documented in recent years. The vertical accelerations measured in the deck and inside the vehicle increase with the amplitude of the pavement irregularities (Marchesiello et al. 1999; Deng and Cai 2009; Deng and Cai 2010; Camara et al. 2014; Camara and Ruiz-Teran 2015) , and these are directly related to the users' comfort (Shahabadi 1977) . Dodds (Dodds 1972) 
vehicles with driving speeds of 70 km/h and 120 km/h (ISO 8608 1995; McLean and Ramsay 1996; Janoff and Mayhoe 1990) . Marcondes and his co-authors (Marcondes et al. 1988; Marcondes et al. 1990 ) observed that the upper limit of vibration frequencies that can cause damage to truck cargo is f = 50 Hz. This limit corresponds to a spatial frequency n = 2 cycles/m and a vehicle velocity of V = 90 km/h (considering that f = nV ). These results suggest that the band of important pavement frequencies for the vehicle vibration corresponds to what the Permanent International Association of Road Congresses (PIARC) (Descornet 1990 ) defines as 'roughness'
(n = 0.02 − 2 cycles/m). Higher-order spatial frequency bands in the pavement surface such as the mega and macrotexture ranges (1000 cycles/m 5 cycles/m) are important for controlling the tyre-pavement noise, as well as the rolling and skid resistance (Descornet 1990) . As a result, the spatial frequencies of the road related to noise problems are in principle disconnected to those affecting the vibrations. However, the range of pavement frequencies affected by the new bituminous mixtures employed in maintenance works (aimed to improve the noise comfort) goes beyond the noise emission range and affects the vibration range. Therefore, noise control measures may end up having an impact on the bridge and the vibrational comfort of its users. Addressing this issue is one of the goals of the paper.
From the point of view of the numerical analysis, vehicle-bridge interaction (VBI) models represent the most rigorous approach to assess the level of vibrations and their influence on the comfort of the pedestrians and the vehicle users crossing the bridge (Zhou and Chen 2016). Nevertheless, a representative definition of the pavement surface is essential in order to capture realistically the vibrational phenomenon (Camara and Ruiz-Teran 2015) . In VBI models, different vertical displacement records (r i (x)) are imposed to the vehicle wheels to describe the pavement irregularities (Marchesiello et al. 1999; Han et al. 2014) . In order to obtain results with statistical meaning, the average from several analyses is obtained using a set of different profiles that are generated by means of a zero-mean stationary Gaussian random process through an inverse Fourier transformation based on the target PSD function (Dodds and Robson 1973) :
in which x is the position of the point where the amplitude of the ith-profile of the set (r i ) is defined. The spatial frequencies of the road n k are considered within the range established by the lower and upper cut-off limits n 1 and n N , respectively. According to ISO8608, the spatial frequencies below n 1 = 0.01 cycles/m (wavelength λ = 100 m) are not interesting for the study of on-road vehicle vibrations. Most of the research works on VBI follow this recommendation (Camara et al. 2014; Coussy et al. 1989) . However, for the study of bridge vibrations (Henchi et al. 1998 ) proposed a value of n 1 that is related to the span of the bridge (L) so that n 1 = 1/(2L).
Regarding the maximum frequency of interest, ISO8608 suggests a value of n N = 10 cycles/m (λ = 0.1 m/cycle) to indirectly account for the enveloping effect of the tyre, acting as a filter for the road vibration input to the vehicle. This recommendation was followed by many researchers (Marchesiello et al. 1999; Bogsjö et al. 2010; Coussy et al. 1989; Kamash and Robson 1978; Uyls et al. 2007) . In a more detailed analysis, (Captain et al. 1979; Chang et al. 2011; Camara et al. 2014 ) employed a disk model with a rigid tread band that considers explicitly the wheel dimensions and its filtering effects. The selection of the cut-off limits should be related to the structure and the vehicle considered. According to (Coussy et al. 1989 ) the interval between cut-off frequencies, multiplied by the maximal and minimal speeds chosen for the vehicle, determine a time frequency interval that must contain the most relevant frequencies governing the response (i.e, the important frequencies of the bridge and the vehicle). ∆n is the frequency resolution (∆n = 1/L prof , where L prof is the length of the profile) and θ k is a random phase angle uniformly distributed from 0 to 2π to generate a set of independent profiles.
Most of the previous works on VBI adopt a simplistic definition of the road PSD, which can differ significantly from real pavements. This paper investigates the vibrations perceived by users (pedestrians and vehicle users) in a composite bridge under heavy vehicle traffic, focussing the study on the relevance of the pavement description. After presenting the proposed bridge, the 
DESCRIPTION OF THE BRIDGE AND THE VEHICLE MODELLED
The bridge
This study considers a conventional ladder-deck composite (steel-concrete) bridge with 40 m span and 2 road lanes, as shown in Fig. 2 . The total mass of the deck is 738.2 tones (i.e. 7241.7 kN weight), including self-weight, surfacing and parapets. The longitudinal steel beams are supported by POT bearings. The dimensions of the bridge cross-section are illustrated in Fig. 3 , where the two sidewalks of the deck are also represented. Hereafter, the sidewalk over transversely fixed supports is referred to as Sidewalk 1, whereas Sidewalk 2 is the one supported by free bearings.
The distance between the center of the supports and the girder end is 0.4 m. The joints allow for completely free movements of the girder ends with respect to the abutments. In the Finite Element (FE) model of the bridge, the upper slab is represented by shell elements (approximately 1 m size) that are rigidly connected to the longitudinal and transverse beams that represent the steelwork, accounting for the appropriate offset of the corresponding section centroids. The structural damping is defined by means of a Rayleigh distribution with a 0.5% ratio at the vibration frequencies of 2 and 35Hz in order to ensure that the damping is kept in the range [0.3,0.8]% for the relevant frequencies for the deck vibration in the studied bridge: [18, 50] Hz (see next section).
Two 300 m long platforms are connected to the bridge model by means of the joints (0.3 m long). The platforms are required to stabilise the vertical vibration of the vehicle before entering and leaving the bridge. In the numerical model, the platforms are completely rigid up to a distance 6 D r a f t of 15 m from the bridge's joints, beyond which the platforms are supported by vertical springs that represent the flexibility of the infill soil, the pavement and the abutment. Fig. 2 shows the position of the platforms and their vertical springs with respect to the bridge. This allows a realistic representation of the hammering effect of the vehicle when entering and leaving the deck, which triggers the bouncing of the vehicle on its suspension.
The vehicle and its interaction with the bridge
The vehicle considered in this study is a 18.6 tonnes HA40 truck proposed by the American Association of State Highway and Transportation Officials' specifications (AASHTO 1998) that is widely employed in VBI studies (Marchesiello et al. 1999; Zhu and Law 2002) . The vehicle is modelled with a 7 Degrees-Of-Freedom (DOFs) system that simulates the vertical movement by capturing the pitch, roll and heave rigid body motions of the vehicle body, as well as the flexibility and damping of the tyres and suspensions. The 7 DOFs of the vehicle model are: the vertical displacements of the body, front and rear axles (z c , z f and z r , respectively), the body pitching and rolling motion (θ c and φ c , respectively) and the front and rear axle rolling (φ f and φ r , respectively).
These DOFs are shown in Fig. 3 , in which z u is the vertical displacement of the driver cabin and it is described in terms of the vertical displacement of the vehicle body (z c ) and its pitch (θ c ). The The interaction model between the vehicle and the bridge is defined by means of a friction-less moving contact between the wheels and the shell elements representing the deck and the platforms, where the pavement irregularity is introduced. The interaction problem is established with a non-7 D r a f t linear coupled system of differential equations of motion that is directly integrated step-by-step in the time-domain. This is different from the majority of the previous works on VBI in which the problem is linearised by decomposing the structural response as the superposition of the contribution of different vibrational modes. In this study, the equations of motion are directly integrated in time-domain by means of the HHT implicit algorithm (Hilber et al. 1977) implemented in Abaqus (Abaqus 2011), which allows to capture: (1) second order and nonlinear effects related to the inertial forces developed in the moving vehicle (considered as a multibody dynamic system coupled with the structural motion), (2) the hammering effects of the vehicle at the joints and (3) the eventual loss of the tyre-pavement contact (not observed in this study). A step-time of 0.001s is considered in the analysis. This allows to obtain records of the vertical VBI response that are sufficiently detailed for vibration frequencies below 50 Hz, and also to consider the contribution of high-order spatial frequencies of the irregularities in the tyre-pavement contact.
It was observed in a precursor work that the vibrations on the sidewalks generally increase with the number of vehicles crossing the bridge at the same time (Camara and Ruiz-Teran 2015) . Nevertheless, the purpose of this work is to study the influence of the road surface on the vibrations of the bridge and the vehicle, and not to assess the SLS of vibrations of any specific structure. In order to limit the number of computationally expensive analysis, in each of them a single vehicle crosses the bridge centered on Lane 1 at a constant speed of V = 90 km/h, having 1.75 m eccentricity with respect to the bridge centreline (see Fig. 2 and 3 ), which is a realistic load case in the proposed short-span bridge (40 m).
RESPONSE WITH A PERFECTLY FLAT PAVEMENT
First, the VBI is conducted without pavement irregularities (flat road) in order to have a reference value of the accelerations in the deck and the vehicle for the following analyses. 
where a(τ ) is the vertical acceleration at the time τ and ∆t RMS = 1s is the width of the averaging time interval from which the RMS acceleration (a RMS (t)) at any instant t is obtained. The maximum RMS acceleration, simply referred to as RMS, is obtained as the maximum a RMS (t) in the complete length of the acceleration record. vibration on the footpaths is relevant. The RMS on Sidewalk 1 is approximately 50% lower than that on Sidewalk 2, despite the fact that the former is closer to the vehicle path. This is because the supports in the girder underneath Sidewalk 2 are free to move transversely and it maximises the contribution of the slab modes to the vertical vibration. More details about the effect of the bridge supports on the vehicle-bridge vibrations can be found in (Camara and Ruiz-Teran 2015) .
Hereafter, only the RMS at the sidewalk edges is presented, along with the averaged value (RMS d,c ) in the entire sidewalks:
where A j is the area corresponding to the jth-node of the finite element model of the deck and RMS j its vertical acceleration. The sum is extended along all the nodes at both sidewalks separately to distinguish their response. Table 1 has CR added by the dry process, the other two roads do not include CR additions.
Analysis of the PSD of the measured road profiles
The PSD in real road profiles has a large frequency-to-frequency variability, as shown in Fig 
where G d,RMS (n) is the RMS of the PSD at the spatial frequency n, G d (ν) is the PSD of the road profile at the spatial frequency ν within the RMS averaging interval, and n W = 0.01 cycles/m is the averaging width. 
Implementation of the measured pavement profiles in the numerical model
The measured profiles need to be pre-processed before they can be applied to the VBI model because: (1) a set of 10 independent profiles generated from the same PSD is applied to the wheels on each side of the vehicle (r 1,2 r,f in Fig. 3 ) in order to have results with statistical significance, (2) the length of the real road profiles is longer than the length of the bridge and the platforms, and (3) the discontinuities introduced by the bridge joints affect the vibrations and need to be considered by concatenating the profiles corresponding to the platforms and the deck. Consequently, the inverse Fourier transformation in Eq. (2) (Henchi et al. 1998) . The frequency resolution is ∆n = n 1 . Once the profiles are generated they are concatenated at the joints as represented in Fig. 6 . It is assumed that there is no construction misalignment and that the joint is perfectly flat. Two of the profiles generated from the G d,RMS of the new urban profile and the highly deteriorated road are illustrated in Fig. 6(a) , where it is observed that the irregularity amplitudes in the highly deteriorated roads can be up to two times those in the new urban profiles.
The effect of the wheel dimensions in the pavement profiles is explicitly considered in this work by filtering the generated profiles using the rigid disk model shown in Fig. 6 (b) (Chang et al. 2011; Camara et al. 2014 ). This model is deemed to be more accurate than the arbitrary reduction of the upper cut-off frequency to n N = 10 cycles/m that is routinely adopted to simplify the wheel effects. Note that the proposed filtering model considers the wheels as rigid disks, but the VBI model includes their flexibility and damping through the springs and dashpots represented in Fig.   3 . Furthermore, previous works concluded that the vehicle response is similar using the rigid disk or more refined models in which the tyre-pavement contact is defined as a rectangular patch with finite dimensions (Captain et al. 1979 ). Nevertheless, the filtering effect is small as it is shown in the profiles at the bridge joints in Fig. 6(b) . This is because the contact point between the wheel and the pavement (point P in this figure) is almost aligned vertically with the wheel's centre (point O) due to the small amplitude of the irregularities with respect to the wheel radius: 30 cm. After examining the PSD resulting from the filtered profiles, it is concluded that the effect of the wheel dimensions is only noticeable for frequencies above 7 cycles/m in the case of deteriorated roads.
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INFLUENCE OF THE PAVEMENT FREQUENCY CONTENT ON THE ACCELERATIONS
The goal of this part of the study is to find the road frequencies, or frequency ranges, that are more relevant in the traffic-induced vibration perceived from the bridge users'. First, different sets of 10 independent profiles have been generated from the code-based PSD in Eq.
(1) by including only one spatial frequency in Eq. (2) (i.e. N = 1). The ISO8608 road category B (G d (n 0 = 0.1) = 64 × 10 −6 m 3 /cycle) is considered in this section because its PSD at n 0 is close to most of the profiles measured on-site (see Fig. 5(b) ). The same profiles are applied to the two lateral wheel lines of the vehicle in order to maximise its vertical response (i.e. r 1 = r 2 in Fig. 3 ). This frequency band is highlighted in grey colour in Fig. 7 (a) and it is clearly connected to the frequency content of the vehicle's response presented in Fig. 4 
INFLUENCE OF THE ROAD QUALITY AND REPARATION
This section focuses on the response of the bridge and the vehicle considering real pavements that are generated independently for the right and left wheels (i.e. r 1 = r 2 ) from the G d,RMS of the real roads. Fig. 8 shows the arithmetic mean of the maximum RMS acceleration on Sidewalks 1 and 2 for the different pavement profiles. The coloured bands centered in the mean response represent one standard deviation of the results for the 10 profiles considered in each case. Fig. 8(a) compares the vibration on the bridge sidewalks for roads with different CR content. It is observed that the road with high CR content (Road 2) leads to reduced vibrations along both sidewalks.
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The accelerations resulting from Road 2 are almost identical to those observed with the perfect road. Fig. 8(b) shows the acceleration on the sidewalks for irregularity profiles with different deterioration levels. The accelerations with the new urban pavement and the one with no visual deterioration are very similar to those with a perfectly flat road. However, the vehicle crossing the highly deteriorated road induces accelerations on the sidewalks that are appreciably larger than with other roads, the difference being above one standard deviation. The stronger induced vibrations observed with the highly deteriorated road and with Road 1 (unrepaired pavement) can be explained by the significantly larger values of the PSD of these roads in zones 2B and 2C, in comparison with the other roads. These two frequency bands were identified as the most contributing ones for the bridge vibrations in the previous section. Table 1 The arithmetic mean of the peak and maximum RMS accelerations in the cabin for different roads are summarised in Table 1 , where the large sensitivity of the vehicle response to the road irregularities is observed. In comparison with the new urban profile, the RMS acceleration in the cabin is 20% larger with the visually deteriorated pavement but it increases up to 70% with the road without apparent deterioration. This is further explored in Fig. 9 , where the time-history evolution of the acceleration in the vehicle cabin is shown. It is observed that the road with no visual deterioration magnifies the vibration in the vehicle in comparison with other roads, even the one with apparent deterioration. This is explained by the large PSD of the non-deteriorated road in zone 1C, where the frequencies of the dominant vehicle pitching modes are contained (see Fig.   7 (a)). Table 1 shows that changing from Road 1 to 2, and therefore reducing the PSD of the road in zones 1 and 2, the vertical acceleration on the deck is only reduced by approximately 5% but the RMS acceleration in the vehicle cabin is reduced down to 44%. This verifies that the contribution D r a f t to the vehicle vibration of the low-order frequencies of the pavement roughness, especially in zone 1C, is larger than that of the high-order frequencies associated with the megatexture of the road surface (larger than 2 cycles/m). Proposed spatial frequencies for road categorisation in terms of user's comfort Table 1 presents the PSD (G d,RMS ) evaluated at the reference frequency proposed by (ISO 8608 1995) , and puts it in relation to the vibrations in the deck and the vehicle for the corresponding road profiles. The road that is visually not deteriorated, which also presents the lowest value of can be obtained from DFT analyses of the acceleration records, as shown in Fig. 4(a) . In this case f d,b = 18.1 Hz and n d,b = 18.1/(90/3.6) = 0.72 cycles/m, which is included in Fig. 5(b) . Table   1 also presents the PSD at this frequency, G d,RMS (n d,b ), and the results suggest that the higher this value the larger the vibrations on the sidewalks, which suggests that it is a consistent parameter to categorise the road pavement in terms of the pedestrian's comfort.
CONCLUSIONS
An extensive numerical analysis supported by on-site pavement measurements is conducted in this work to address the vertical vibrations that affect the users of road bridges. The irregularities of the pavement are obtained from real road measurements and also from the Power Spectral Density (PSD) of displacements suggested by (ISO 8608 1995) . Different sets of pavement profiles D r a f t are generated for a conventional 40 m span composite ladder deck bridge and its approaching platforms. The filtering effect of the vehicle wheels is considered in the profiles, which are connected at the bridge joints to model these discontinuities.
The results indicate that the vertical accelerations induced on the deck by the vehicle riding on the code-defined pavement with 'good quality' (Road B) are clearly above those obtained with any of the real road profiles measured on-site. After comparing the results for several road pavements and vehicles with different dominant frequencies, it is observed that the traffic-induced vibrations on the bridge and in the vehicle cabin are directly related to the RMS of the PSD (G d,RMS ) evaluated at the dominant spatial frequencies for the deck (n d,b ) and for the vehicle (n d,v ) vibration, respectively. Consequently, it is proposed to categorise the road pavement in terms of the traffic-induced
The frequency content of the road irregularities has a significant impact on the bridge and The results represent the arithmetic mean (µ) and the standard deviation (SD) with a coloured band (Fig. (a) ) or with error bars (Fig. (b) (Fig. (a) ) or with error bars (Fig. (b) ). 
